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Abstract The current outbreak of Zaire ebolavirus

(EBOV) lasted longer than the previous outbreaks and

there is as yet no proven treatment or vaccine available.

Understanding host immune pressure and associated

EBOV immune evasion that drive the evolution of EBOV

is vital for diagnosis as well as designing a highly effective

vaccine. The aim of this study was to deduce adaptive

selection pressure acting on each amino acid sites of EBOV

responsible for the recent 2014 outbreak. Multiple statis-

tical methods employed in the study include SLAC, FEL,

REL, IFEL, FUBAR and MEME. Results show that a total

of 11 amino acid sites from sGP and ssGP, and 14 sites

from NP, VP40, VP24 and L proteins were inferred as

positively and negatively selected, respectively. Overall,

the function of 11 out of 25 amino acid sites under selec-

tion pressure exactly found to be involved in T cell and

B-cell epitopes. We identified that the EBOV had evolved

through purifying selection pressure, which is a predictor

that is known to aid the virus to adapt better to the human

host and subsequently reduce the efficiency of existing

immunity. Furthermore, computational RNA structure

prediction showed that the three synonymous nucleotide

mutations in NP gene altered the RNA secondary structure

and optimal base-pairing energy, implicating a possible

effect on genome replication. Here, we have provided

evidence that the EBOV strains involved in the recent 2014

outbreak have evolved to minimize the detection by T and

B cells by accumulating adaptive mutations to increase the

survival fitness.

Keywords Zaire ebolavirus � Natural selection � Immune

evasion � Vaccine

Introduction

Lethal hemorrhagic fever is caused by a single-stranded

negative-sense RNA virus known as Zaire ebolavirus

(EBOV), which is one among five species of genus Ebo-

lavirus. The genus Ebolavirus belongs to the family of

Filoviridae. The recent 2014 EBOV outbreak in West

Africa led to deaths up to 90 % of infected humans and has

now spread to Spain and the United States of America [28].

Typically, EBOV infected patients die within 1–2 weeks

and is dependent on the viral strain and host species. Due to

the acute effect on the host immune system, recovery time

of EBOV infected individual is a lengthy and complex

process. EBOV targets the dendritic cells, monocytes and

macrophages during the early stages of infection, while,

non-lymphocytic cell types at the later stages [18, 19]. As

there are no effective vaccines and anti-viral therapies

available for EBOV, serious efforts are being taken to

develop the same in order to prevent infection and cure the

disease [7]. Typically, viruses have evolved to prevent

immune responses in a selective and regulated way, which
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facilitates dominated virus replication and progeny trans-

mission [18]. Further advancement in the understanding of

host-viral interactions is pertinent and beneficial to subse-

quently limiting and eliminating EBOV infections. Also, it

is interesting to test the hypothesis that pathogens use

antigenic variation as one among various mechanisms to

escape from human immune responses [5]. Thus, the goals

of this study was to deduce the adaptive selection pressure

acting on each amino acid sites of EBOV responsible for

the recent 2014 outbreak, as it is very crucial in the

effective design of vaccines, and to infer the function of

amino acid sites under selection pressures.

Materials and methods

Sequence selection

The EBOV genome consists of seven genes such as

nucleoprotein (NP), the membrane-associated viral protein

(VP24), polymerase matrix viral proteins (VP30 and

VP35), matrix viral protein (VP40), the RNA-dependent

RNA polymerase (L), and the glycoprotein (GP), which are

transcribed into mRNA, resulting in the production of at

least ten proteins [15, 18]. Notably, gene GP encodes two

proteins, namely secreted glycoprotein (sGP) and small

secreted glycoprotein (ssGP), as a result of mRNA editing.

Total of 97, 98, 100, 98, 98, 98, 97, 100 and 100 protein-

coding sequences of the EBOV responsible for 2014 out-

break were retrieved from the GenBank (dated 06-Nov-

2014) for the NP, VP24, VP30, VP35, VP40, L, GP, sGP

and ssGP, respectively. It should be noted that, gene GP

has not been included as it has several non-sense stop

codons at the following amino acid positions 365, 430, 479,

481, 489, 492, 503, 547, 554, 558, 573, 619 and 662. The

nucleotide sequence 1–895 of sGP overlaps with the entire

ssGP in a different reading frame. The acquired sequences

were selected accordingly using the following criteria: (1)

strains responsible for the 2014 outbreak and (2) sequences

derived from the same strain, artificial sequences and

incomplete sequences were removed. The finally consid-

ered 2014 Ebola strains and their GenBank accession

numbers listed in the Supplementary Table 1.

Natural selection analysis

The selection pressures operating on each codon/amino

acid site of EBOV were detected by computing ‘x’, the
ratio between non-synonymous (dN) and synonymous (dS)

substitutions. The selection analyses were made using the

following statistical methods from datamonkey [8]: four

independent maximum likelihood methods that include

single-likelihood ancestor counting (SLAC), fixed effects

likelihood (FEL), random effects likelihood (REL) [25],

internal fixed effects likelihood (IFEL) [24], single baye-

sian method namely fast unconstrained bayesian approxi-

mation (FUBAR) [22], single branch-site method namely

mixed effects model of episodic selection (MEME) [26].

These methods are described in detail [1, 2, 22, 24–26]. In

brief, the coding regions of EBOV were aligned using

MEGA6 [30] and then confirmed sequences were used to

input in datamonkey. The model selection test was

employed to find out the best model for each gene/protein

(Table 1). The ‘x’ ratio of amino acid sites under selection

pressures either with p values B0.05 (SLAC, FEL, IFEL

and MEME) or posterior probability C0.9 (FUBAR) or

Bayes factors C50 (REL) were considered as statistically

significant.

RNA structure and amino acids function prediction

Using the mfold web server [33] in default settings, RNA

secondary structure was predicted for the segments, which

had mutations that could be identified by multiple statis-

tical methods. The function of the amino acid sites under

selection pressure was inferred using functionally known

immune epitopes from the Immune Epitope Database

(IEDB) [31].

Results

Amino acids under positive Darwinian selection

The results on positive (diversifying) and negative (puri-

fying) selection pressures acting on each amino acid site of

all the proteins encoded by EBOV genomes were shown in

Tables 1, 2, and 4. Overall, we were able to identify 11

amino acid sites in the sGP and ssGP proteins of EBOV

that underwent positive Darwinian selection. All of the 11

positively selected sites were identified by a single method

with statistical significance (Tables 2, 4); therefore, there

was no identical positively selected site shown by other

methods used in this study. Notably, no site was inferred as

positively selected for NP, VP35, VP40, VP24 and L

proteins (Table 2). VP30 has not been considered for the

analysis as minimum three non-identical sequences are

required, but only two non-identical sequences exist. Sites

130, 134, and 136 of ssGP overlap with sGP at identical

positions; however, these were considered as different sites

since they came from individual (paralogues) proteins.

Amino acids under negative selection

The amino acid sites of EBOV under purifying selection

pressures are relatively higher (Tables 1, 2). The present

Ebolavirus evolves in human to minimize the detection by immune cells by accumulating… 137

123

Author's personal copy



data shows that a total of 14 out of 15 negatively selected

amino acid sites were inferred with statistical significance

which were relatively higher in L (seven sites) protein than

in NP, VP24 and VP40 proteins. However, none of the sites

were inferred from sGP and ssGP proteins. Although a

single negatively selected site (position 170) found in

VP35, but was not statistically significant (FEL, p value

0.09). Moreover, sites 185 and 460 of NP have also been

identified by FEL and SLAC methods, respectively, with-

out statistical significant. As like NP, in the L protein also

the amino acid positions 781, 1625 and 2135 have been

identified by FEL, but with no reliable statistical p-values

0.07, 0.09 and 0.09, respectively.

Synonymous mutations alter the RNA secondary

structure

We computationally predicted the secondary RNA struc-

ture of 3 of 11 NP protein-coding genes (obtained from

accession #KJ660348; KM233044; KM034558) considered

in the present study, which carry at least one of the three

more reliable synonymous mutations. The comparison

Table 1 Summary of diversifying and purifying selection pressure acting on each amino acid of EBOV

Protein Total

no. of

amino

acid

sites

Model AIC

value

SLAC FEL REL IFEL FUBAR MEME x[ 1/

x\ 1

(total

no. of

sites)a

No. of positively/

negatively selected

sites with p B 0.05

(or) BF C 50 (or)

Posterior

Prob C 0.9b

No. of statistically

reliable positively/

negatively selected

sites identified by

more than one

methodc

NP 739 F81 6366.79 –/1 –/4 –/– –/– –/4 –/– –/4 –/4 –/3

VP35 340 F81 2859.35 –/– –/1 –/– –/– –/– –/– –/1 –/– –/–

VP40 326 F81 2781.83 –/– –/– –/– –/– –/1 –/– –/1 –/1 –/–

sGP 364 F81 3064.65 –/– –/– 8/– –/– –/– –/– 8/– 8/– –/–

ssGP 297 F81 2511.90 –/– –/– 3/– –/– –/– –/– 3/– 3/– –/–

VP30 288 – – –/– –/– –/– –/– –/– –/– –/– –/– –/–

VP24 251 F81 2136.78 –/– –/1 –/– –/– –/1 –/– –/2 –/2 –/–

L 2212 HKY85 18483.96 –/– –/3 –/– –/– –/7 –/– –/7 –/7 –/–

a The total number of positively and negatively selected sites were observed from different methods for each gene/protein
b Among the total number of positively and negatively selected sites, amino acid sites with statistical significant levels [p B 0.05 (SLAC, FEL,

IFEL and MEME) or Bayes factors C50 (REL) or posterior probability C0.9 (FUBAR)] were indicated
c The total number of statistically reliable positively and negatively selected sites for each gene observed by more than one method was indicated

Table 2 Details of statistically reliable diversifying and purifying selected amino acid sites of EBOV

Protein Method Total no. of

statistically

reliable

positively

selected sites

Position of diversifying selected amino acids Total no. of

statistically

reliable

negatively

selected sites

Position of purifying selected amino acids

NP FEL 0 0 0 3 4 185, 341, 460, 624

FUBAR 0 4

VP40 FUBAR 0 0 0 1 1 9

sGP REL 8 8 11, 54, 130, 134, 136, 323, 324, 363 0 0 0

ssGP REL 3 3 130, 134, 136 0 0 0

VP24 FUBAR 0 0 0 1 2 55, 133

FEL 0 1

L FUBAR 0 0 0 7 7 121, 781, 813, 1461, 1625, 1854, 2135

There was no statistically reliable positively selected site found for NP, VP35, VP40, VP24 and L. On the other hand, no statistically reliable

negatively selected site was found for sGP and ssGP. The positively and negatively selected common amino acid sites identified by more than

one method in the datamonkey were denoted by bold. For instance, site 341 (bold) of NP was notified as a negatively selected common site that

could be identified by both FEL and FUBAR
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results showed that the synonymous substitutions in the 3

codons of NPs altered the RNA secondary structures

(Fig. 1a–c; Table 3) by generating mispaired stems and

stem-loop interactions. Also, the energy dot blot analysis of

these three structures indicated that the synonymous sub-

stitutions changed the base pairing and optimal energies

(-670.4 to -665.9 kcal/mol) (Fig. 1d–f; Table 3).

Putative biological role of amino acids

under selection

The biological function of amino acid sites under selection

pressure was identified with known immune epitopes

(Table 4). We observed that a total of 7 in sGP and 3 in

ssGP of 11 positively selected amino acid sites were found

Fig. 1 Impact of synonymous mutations in stem-loop structures in

protein-coding region of 3 NPs. a–c Predicted stem-loop structures of

3 NPs sequences using RNA mfold analysis. Importantly, the altered

Watson–Crick base pair interactions in the 3 NPs structures leads to

the variation in optimal energies, resulting in a altered RNA

structures. The folding Gibbs free energy in kcal/mol for the

predicted stem-loops was shown under each structure. d–f Energy

dot plots for optimal and suboptimal folding of 3 NPs RNA structures.

The upper triangle displays possible base pair combinations at various

energy levels. The nucleotide positions of each base are displayed on

the top axis and right axis of the upper triangle, whereas, the lower

triangle shows the paired bases with optimal folding energy at 37 �C
to form a stem-loop structure
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to be involved in T-cell epitopes (TCEs). In addition, 3 sGP

sites (54, 323 and 324) are part of B-cell epitopes (BCEs)

[3]. Notably, the adjacent site 55 was found to be involved

in TCE, suggesting that site 54 might also be involved in

immune recognition function. The epitope function of the

sGP position 363 is not verified. Non-synonymous muta-

tions in T-cell and B-cell epitopic regions of EBOV may be

caused by the immune response mounted by the human

host. These amino acid sites are also predicted to support

EBOV to better adapt to the human and can reduce the

efficiency of existing immunity.

The function for 4 out of 14 negatively selected amino

acid sites of NP, VP40, VP24, and L were identified

(Table 4). Amino acid sites 185 and 341 of NP protein

found to be involved in TCEs, whereas, sites 460 and 624

are part of BCEs. However, possible involvement as epi-

tope for remaining 10 sites of VP40, VP24 and L were

unknown.

Discussion

The presence of total of 11 statistically reliable positively

selected sites includes 8 and 3 sites in sGP and ssGP,

respectively, indicate that these are an effect of molecular

adaptation of the EBOV to human, which confers an evo-

lutionary advantage to the virus. The GP looks to evolve

faster when comparing to the other genes of EBOV [15]. It

confirms the hypothesis that in the early stages of viral

outbreaks, the virus adapts into a new host (e.g. human)

will be dealing with a higher selection pressures [1, 2, 29].

Especially, codons/amino acids under positive Darwinian

selection are subjected to stringent pressure [1, 10]. Nota-

bly, sGP protein is secreted by infected cells and is not

present in virions. Previous study showed that to promote

immune evasion, sGP serves as an antibody decoy or

presents alternative non-neutralizing antibody epitopes for

the humoral immune response [17, 20, 32]. Another study

revealed that the 71 and 81 % of humoral immune response

of symptomatic and asymptomatic individuals, respectively

from Gabonese EBOV outbreaks mainly targets GP

peptides [3]. Here, the reactive peptides located in linear

immunogenic regions at amino acid positions 41–67 and

301–359 of GP are including the three positive selected

sites 54, 323 and 324, identified in the present study. In

context of the previous findings, these 3 positively selected

sites of sGP expected to modulate or misdirect humoral

immunity and aid the EBOV to adapt better in human host.

Moreover, it is worth to note that the presented 3 (positions

54, 323 and 324) of 8 positively selected sites of sGP are

involving in B-cell epitopes (BCEs) [3] and can be used as

targets for developing new therapeutics.

The VP24 protein of EBOV found to be involved in

blocking the production of interferon (IFN) in host result-

ing in attenuation of both type I (IFN alpha and beta) and

type II (IFN gamma) signaling responses. In addition,

VP24 prevents the nuclear accumulation of dimerized

phosphorylated STAT-1 that participates in activation of

both type I and type II signalling cascades [13, 23, 27]. It is

possible that the negatively selected VP24 sites, 55 and

133, might aid the EBOV to become more pathogenic to

human by inhibiting IFN response and blocking antigen

presentation to T-cells [18]. Importantly, considering these

two negatively selected VP24 amino acids include in the

T-cell epitopes which can be used for vaccine design and

testing.

The abundantly expressed matrix protein VP40 plays an

important role in virion assembly and budding [12]. In the

absence of other viral proteins, VP40 is also able to pro-

duce virus-like particles (VLPs) [3, 11, 14]. The NP and

VP24 are crucial for viral replication and uncoating steps.

L protein is known to be a part of the replicase complex. It

associates with the ribonucleoprotein complex via VP35,

which subsequently forms larger complex with VP40.

Previous report also shows that strong humoral responses

directed against NP and VP40 proteins [21]. The four

amino acid sites of NP and VP40 proteins under negative

selection pressure can be considered as main antibody

targets for developing vaccine. In order to block the for-

mation of the EBOV replication complex, seven negatively

selected amino acid sites of L protein can be considered as

promising target to develop antiviral drugs.

Table 3 Summary of RNA structure predictions for 3 NP genes using mfold web server

More reliable

amino acid

position in

NP protein

Codon Synonymous nucleotide changes

in 11 NP genes and the accession number

of representative gene carrying the mutation

Accession number

of NP gene used for

RNA structure prediction

Optimal energy

of predicted RNA

structure

Type-1 change Type-2 change

341 1021–1023 CAA (10) KM034558 CAG (1) KM233044 KM034558 -668.0

460 1378–1380 GAC (9) KM034558 GAT (2) KJ660348 KJ660348 -670.4

624 1870–1872 GAA (10) KM233044 GAG (1) KM034558 KM233044 -665.9
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The presence of both positively and negatively selected

amino acid sites in EBOV confirm that the virus evolved in

human host under severe immune selection pressures. In

natural selection analysis, the significance of one method

alone is not sufficient to infer that a given amino acid site

underwent either positive or purifying selection pressure;

thus, only amino acid sites that have been detected by more

than one method are finally considered as highly variable

positively or negatively selected sites [8, 24]. In the present

study, no positively selected sites have been detected by

more than one method. Among the 14 statistically reliable

negatively selected sites from NP, VP40, VP24 and L

proteins, only 3 sites (341, 460 and 624) of NP protein

were identified by more than one method. Hence, these 3

amino acid sites found to be more reliable; thus the cor-

responding NP gene was used for RNA secondary structure

prediction.

RNA secondary structure was predicted for NP gene,

which had three synonymous mutations that could be

identified by multiple statistical methods. Typically, the

protein coding and non-coding regions of viral RNA gen-

ome can harbor cis-acting replication elements. The

nucleotide mutations change Watson–Crick base pairing of

the single stranded RNA genome, thus altering the higher

order secondary or tertiary RNA structures. It is hypothe-

sized that the synonymous mutations also affect the RNA

structural elements without affecting the protein sequence

[4]. To test this hypothesis, we predicted the secondary

RNA structure of 3 of 11 NP protein-coding genes. The

overall comparison results showed that the codons of NPs

carrying synonymous mutations altered the RNA sec-

ondary structures and optimal energies. Our analysis indi-

cates that the mutated three sites can change the RNA

structure that can possibly contribute to increase in viral

virulence.

Human immune response against various pathogens

depends on T- lymphocytes, specifically CD4? and CD8?

T cells subsets. T-lymphocytes recognize epitopes of for-

eign antigens, which are presented by classical human

leukocyte antigens (HLAs) [5]. T-cells provide immune

protection by identifying TCEs of viruses [6, 29]. Amino

acid mutations in many TCEs are expected to be advan-

tageous for viral survival, since, the haplotype of HLA

restricts T-cells to recognize TCEs. Apart from natural

immune responses, vaccines promote acquired immunity

against viral infections. Due to the importance in under-

standing the function of amino acid sites of EBOV that are

under selection pressures, we have aligned these sites to the

identical amino acid sites from the functionally known

TCEs and BCEs.

The majority of the sites under selection pressure were

found to be involved in TCEs than those in BCEs. The

mutated sites can provide a selective advantage for virus toT
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survive in human host. Fourteen amino acid sites engaged

in TCEs and BCEs are considered to be appropriate vac-

cine targets, since these sites have the capability to induce

cellular and humoral immune responses. Further experi-

mental validation is required to identify the biological

significance of the amino acids under positive or negative

selection pressure. Special attention need to be given to the

amino acid sites (1 site in sGP and 10 sites in VP40, VP24

and L) that are not mapped as BCE or TCE. Taken toge-

ther, our results showed that EBOV does not appear to be

under diversifying selection pressure, but under purifying

selection that appears to be the driving force on their

protein coding genes. Results provided an alternative per-

spective than the current prevailing hypothesis that genes

encoding antigens can be highly variable to evade host

immunity [5, 9, 16]. Moreover, the synonymous nucleotide

changes could also exert modifications to the secondary

structure of regulatory cis-RNA sequences. Our analysis

provides insight into the importance of host immune

selection pressure and replication fitness of EBOV strains

involved in the recent outbreak.
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